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Abstract
Multiplicities of various species of charged secondaries produced in inelastic interactions of
2°Ne, 4°Ar and 56Fe nuclei with emulsion nuclei at 0.1-0.5 GeV/nucleon have been measured. :
The data obtained are compared with the results for interactions of higher energy nuclei with
emulsion nuclei. The dependences of the nucleus-nucleus interaction parameters on masses and
energies of colliding nuclei are examined.
Key words: NUCLEAR REACTIONS Em(:'°Ne, X), E=0.28 GeV/nucleon; Em(4°Ar, X),
E = 0.27 GeV/nucleon; Em(5_Fe, X), E= 0.48 GeV/nucleon; measured o'i,, mean multiplici-
ties (n,) of charged secondaries in reactions with hydrogen, light (C, N, O) and heavy (Ag, Br)
target nuclei. Examined the relationship (,,) (E, Ap, At).
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1. Introduction
Photoemulsion measurements of secondary-particle multiplicities in nuclei-in-
duced interactions below 1 GeV/nucleon have had a revival of interest among
researchers recently [1]. Copious data have been obtained on interactions of nuclei
of relativistic and ultra-relativistic velocities [2-5], so the necessity has arisen for
deriving comparative data measured by identical techniques, but at lower projectile
velocities.
The present work provides new experimental data on interactions of Ne, Ar and
Fe nuclei at lower energies with emulsion nuclei and analyzes the effect of
projectile velocity on the basic characteristics of a nucleus-nucleus interaction
event.
M
2. Experimental design
Photoemulsion (Em) chambers assembled of Russian-manufactured nuclear
emulsion BR-2 layers were irradiated by 0.39 GeV/nucleon 2°Ne, 0.48
GeV/nucleon 4nAr, and 0.583 GeV/nucleon 56Fe nuclei at the BEVALAC accel-
erator of the University of California, Berkeley. The layers were developed and
marked at the High Energy Laboratory of JINR (Dubna). The interactions were
sought by double inspection of tracks at a 60 × 15 magnification. The average
ranges of stopping ions were 61.75 + 0.06 mm for 0.39 GeV/nucleon 2°Ne ions,
53.] ! _+ 0.05 mm for 0.48 GeV/nucleon 4°At ions, and 45.45 ± 0.04 mm for 0.583
GeV/nucleon S6Fe ions. These ranges can be approximated by the range-energy
dependence for multiply charged ions [6,7], thereby permitting the energies of
projectile nuclei to be determined at the points of their interactions with pho-
toemulsion nuclei. The error in finding the energy of a split-inducing nucleus did
not exceed 1%. Accuracy in the finding of the projectile energy in the interaction
point is due to the very small spread of the BEVALAC beam energy. Determined
from the stopping ion range distributions, experimental stragglings were (0.95 +
0.06)%, (0.96 + 0.05)% and (0.42 + 0.02)% for ZONe, 4t_Ar and 5_Fe ions, respec-
tively. These stragglings proved to be more than theoretical values: 0.26%, 0.16%
and 0.14% calculated according to Barkas ctal. [8] for the ions mentioned above.
At the same time, the results obtained showed the possibility of accurately defining
the projectile energy in the interaction point by measuring the particle path in
emulsion before collision and using the range-energy dependence for heavy ions.
The ranges of nuclei of different energies and charges calculated by these tech-
niques [6-9] were also used to identify secondaries.
The total statistics of the recorded events were 436 (2°Ne + Era, E o = 0.1-0.39
GeV/nucleon (the mean value of projectile energy <E o> =220+20 MeV/
nucleon)), 396 (4°Ar + Em, E 0 = 0.1-0.48 GeV/nucleon (<E 0> = 270 + 20 MeV/
V
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Table 1
Experimental statistics of events used for present analysis
Projectile (E 0) (MeV/nucleon) Target Number of events
2°Ne 220 + 20 H 37
CNO 96
AgBr 163
4°Ar 270 + 20 H 23
CNO 63
AgBr 116
56Fe 480 -I- 20 H 7 I
CNO 218
AgBr 322
nucleon)), and 1005 (S6Fe + Era, E_ = 0.1-0.58 GeV/nucleon ((E 0) = 480 + 20
MeV/nucleon)), while the mean free paths for interaction were 11.99 + 0.58 cm,
10.07 + 0.57 cm and 8.19 + 0.26 cm, respectively. A number of events (1,109) were
selected randomly from the overall statistics of the detected collisions and were
then processed by the standard techniques [2,3]. The species of target-nuclei were
found and the energies and changes of all secondaries were determined. The
statistics used for our analysis are presented in Table 1.
3. Interaction cross sections
The experimental interaction paths of Ne, Ar and Fe nuclei, the numbers of
interactions with a selected species of target nuclei, and concentrations of individ-
ual nuclei in emulsion [10] were used to find the cross sections for inelastic
Table 2
Total inelastic cross sections (mb)
Projectile Target
ion energy H C N O Br Ag
(GeV/nucleon)
Ne 0.22 330+ 60 930+ 100 990+ ll0 1040+ 110 2060+ 170 2380+ 190
3.6" 360+ 70 9605-110 1030+ 120 1090+ 130 2260+210 2650+ 240
Ar 0.27 360 5- 80 11}705- 140 1130+150 1190+150 2590 5- 240 2930+280
1.1b 5105-90 1190+ 150 1260+ 150 1330+ 150 3020+270 3480+290
Fe 0.48 450+60 1540+110 1580+120 1630+130 2820+300 3230+340
1.8 c 740 + 70 1750 + 110 181)0 5- 120 1860 + 130 3090 5- 260 3300 + 280
See ref. [11].
t, See ref. [3].
c See ref. [2].
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interactions with particular emulsion nuclei (see Table 2). Table 2 also presents the
experimental data [2,3,11] obtained at higher energies. From the comparison it is
seen that, as the projectile energy increases from a few hundred MeV/nucleon to
a few GeV/nucleon, the cross sections also increase; that is in agreement with the
data of the experiment by Webber et al. [12] and Chen et al. [13]. In the early
experiments with < 1 GeV/nucleon nuclei, the nuclear interaction cross sections
for p +A collisions were noted to increase with increasing projectile mass more
rapidly than in A-A reactions. In our experiment the difference in the increases is
less perceptible. The approximation of the cross sections for non-relativistic and
relativistic interactions by the Bradt-Peters formula:
,.-- -oA"'+A'/' - .,,(A."' +A, "')] (1)
using the least squares method, has yielded R 0 = 1.27 + 0.03 fm,/30 = 1.14 + 0.11;
x2/k = 0.8, and R 0 = 1.28 + 0.01 fm, 130 = 0.75 + 0.05; x2/k = 1.81, for energies of
0.1-0.5 GeV/nucleon and above 1.0 GeV/nucleon, respectively. In the case of
relativistic interactions, the factors R o and /3o proved to be close to those
presented in ref. [14] which summarized the data on the interactions of nuclei with
energies above 1 GeV/nucleon (R 0 = 1.32 + 0.01 fm and /30 = 0.85 + 0.03). It
should be noted that at both E o >i 1 GeV/nucleon and E 0 = 0.1-0.5 GeV/nucleon,
the R o value, which characterizes the radii of interacting nuclei, remains constant.
The only variable is the overlap parameter/3o which rises with decreasing projec-
tile energy. This means that the interacting nuclei become more transparent at
E o = 0.!-0.5 GeV/nucleon. Such a variation in /3o (at a constant R o value) is not
a trivial result and seems to us to necessitate further experimental studies [15].
4. Multiplicities of secondaries
The experiments discriminate between slow target fragments (b-particles, with
Er, _< 26 MeV), fast fragments of a targct nucleus (g-particles, with 26 < Ep < 400
MeV), "shower" particles (s-particles, with E o > 400 MeV and E,_ > 60 MeV,
which are interacting projectile protons and produced r-mesons), s'-particles
(which are relativistic singly charged fragments of a projectile nucleus with E o < 26
MeV in the system of the projectile and which are excluded from the number of
s-particles), g'-particles (which are projectile fragments with Z = 2), and b'-par-
ticles (which are projectile fragments with Z >I 3). In addition, the total charge Q
of the non-interacting projectile fragments was found.
Fig. 1 shows the laboratory relative-rapidity distribution Y/Yo (Y= ½1n[(E +
P,)/(E - P,)]; Yo is the projectile rapidity) of the examined particles for interac-
tions of argon nuclei with light and heavy nuclei at non-relativistic and relativistic
velocities of a projectile. The statistics presented in Antonchik et al. [3], where the
910 V.E. Dudkin et al. / Multiplicities of secondaries
O
U
a,I
U
V
;3 (')
!
0 0.5 !
-, (o)
"3
2
0 0.5
Y/¥o
0 0.5 l
_J
iI
0
(d) 4'
L
0.$ I
Y/¥o
Fig. 1. Relative-rapidity (y/Yo) distributions (Yo is the projectile rapidity) for (a) the interactions
4°Ar+ C, N, O and (b) 4n,Ar +,Ag, Br at energy 0.27 GeV/nucleon, and for (c) interactions 4°Ar+ C, N,
O and (d) 4f}Ar + Ag, Br at a 1.I GeV/nucleon projectile energy. The non-shaded area indicates g- and
s-particles; right-inclined hatches repre_m b-particles; left-inclined hatches are for (s' +g')-particles;
and the doubly shaded area is for multiply charged (Z>_-3) fragments. For projectile energy 1.1
GeV/nucleon (c, d), only distributions corresponding to b- and g-particles are shown.
energies of secondaries were found for the b- and g-particles only, were for the
case of relativistic nuclear interactions. The distributions presented in Figs. la, b
exhibit two pronounced peaks due mainly to the b- and (s'+ g')-particles, i.e. the
particles emitted from an excited residual target nucleus (b-particles, Y/Yo _-O)
and from a projectile residue (s'- and g'-particles, Y/Yo= 1). An additional
contribution to the peak at Y/Yo -- 1 is from the projectile fragments (b'-particles)
which may be treated as residues of a given nucleus on completing the slow stage.
The non-shaded area (g-particles at Y/Yo < 0.5 and s-particles at Y/Yo > 0.5) is
mainly located within the 0.1-0.9 relative-rapidity range and fills the gap between
two peaks. From Fig. 1 it follows that, as regards the kinematic parameters, the b-
and g-particles may be attributed to the target nucleus, and the b'-, g'-, s'- and
s-particles to the projectile nucleus, although the correlation of the g- and
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s-particles with the respective nuclei is less stringent when compared with the case
of b- and (s' + g')-particles.
Table 3 presents the mean multiplicities of the above-mentioned particles and
shows the estimates of the number of the _-projectile nucleons involved in an
interaction:
Ap
(ni,) =Ap- -Z_p (Q), (2)
where A p and Zp are the projectile mass and charge numbers, respectively.
From Table 3 it follows that the non-relativistic nucleus-nucleus collisions
exhibit some of thc featurcs found whcn studying the > 1 GeV/nucleon nuclear
interactions [2,4,16,17], namely:
(1) the mean number of the interacting projectile nucleons (n_n) increases with
target-nucleus mass;
(2) the singly-to-doubly charged projectile fragment ratio (ns,/ng,) is defined
mainly by the projectile species and depends very little on the target mass;
(3) the specific multiplicities of the charged secondaries of all species,
(ni)/(nin), where subscript i is the type of secondary, prove to be below the
respective mean multiplicities for the interactions of protons of the same velocities
with emulsion nuclei;
(4) as the masses of interacting nuclei increase, the multiplicities of all particle
species are observed to rise.
Thus, the analysis of the data has shown that the projectile energy decrease
from 3.6 to 0.3 GeV/nucleon does not result in any variation of the qualitative
behavioral features of the multiplicities of secondaries.
We used the data of Table 3, as well as the experimental results for 3.6
GeV/nucleon protons, carbon and oxygen [16], 3.2 GeV/nucleon 22Ne [4], 1.1
GeV/nucleon 4°Ar [3], and 1.8 GeV/nucleon -S6Fe [2] beams, to study the mean
multiplicities of the identified species of secondaries as a function of the masses
and energies of colliding nuclei on the assumption that, on average, _4N and 94Nb
are the light and heavy emulsion nuclei, respectively [17]. The dependence on the
nuclear masses and energies was taken to be
(ni) = .-_ ZlapAal_i'a E
"_O"_p _t "t"O , (3)
where Ap and A t are the mass numbers of projectile and target, respectively; E 0
is the projectile kinetic energy in GeV/nucleon. Parametrization of the above type
is used frequently to study nucleus-nucleus interactions. The factor a 0 and power
exponents ap, at and a z were determined by the nonlinear least squares method
for the case of different precision measurements [18]. The zero approximation was
selected from the linear approximation (by taking the logarithm in the right part of
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Table 4
Coefficients of approximation of the dependence (3), obtained by least squares method
913
V
Particle type alj ap a I a E X_3
(n b) 0.28 +0.04 0.03:t:0.03 0.68+0.02 -0.12 +0.02 216
(ns,+ng,) 0.32 -I-0.04 0.58:1:0.04 0.07-t-0.03 -0.07 +0.02 261
(rig) 0.037:1:0.008 0.51 -1-0.05 0.81 +0.03 0.34 +0.03 114
(n_) 0.21 + 0.04 0.52 + 0.05 0.39 -1-0.02 0.70:1:0.03 79
(Q) 0.49 + 0.02 0.97 + 0.02 -0.06 + 0.01 -0.033 + 0.004 149
(n) 1.38 :t: 0.13 0.34 + 0.03 0.38 + 0.03 0.27 + 0.02 185
Eq. (3)). The approximation was calculated (stoppage of the program) if the
decrease in value of the residual sum of the squares in the kth step was smaller
than 1%.
The errors (covariational matrix) of the sought factor and exponents were
determined by means of linear approximation using the matrix of derivatives at the
point of the (k - 1)th approximation. The relative error of the initial data (of the
multiplicities of different-species particles) was some 5-10%. In the case of the 27
experimental points which we have described by parametrization (3) (four un-
knowns), the relative error in the unknowns proved to be reduced, on average, by a
factor of two to three, depending on the particular values of the matrix of
derivatives at the point of the (k - 1)th approximation.
The values obtained for the unknowns in parametrization (3), to be used to
describe the dependence of the mean multiplicities of different-species particles,
are presented in Table 4 which also shows values of the normalized sum of squares
X223 together with the values of the approximation coefficients for the mean
multiplicity of all charged particles in an interaction (n).
We examine some of the dependences obtained. The b-particle multiplicity is
characterized by an extremely weak dependence on A p. As a nucleus-nucleus
collision energy increases, the decrease of the mean multiplicity of b-particles
becomes perceptible (the a E value is negative). In the case of "evaporation"
particles from a projectile residue (n_, +ng,) we again observe that any depen-
dence on the mass of a collision partner nucleus in practice is absent and that the
ote value is negative. It seems to us that the similarity (to within experimental
errors) among all the approximation coefficients for (n b) and (n,, +ng,) (allowing
the substitution of Ap for A t) is indicative of identical mechanisms of the
generation of these particular particle species (see also Fig. 1). The multiplicity of
the g-particles, which are mostly target protons having interacted with some of the
projectile nucleons, depends strongly on the target mass. The (ng)/(n b) ratio
characterizing the energy spectrum of target-emitted secondaries rises with an
increase in both the projectile size, ~'a_4_--r,, and the target size -._At °'13. The energy
dependence of the g-particle multiplicity in nucleus-nucleus interactions (a E =
0.34 + 0.03) has proved to bc much wcakcr than in proton-nucleus interactions
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,.j (a E = 0.70 [17]), contrary to the consequences 9(the simple superposition models
which assume thatthe nucleus-nucleus interactions can be treated as a non-coher-
ent sum of nucleon-nucleus, or even nucleon-nucleon, collisions. On the contrary,
the multiplicity of s-particles (the generated pions included) exhibits an E0-depen-
dence close to that observed in the proton-nucleus interactions (a E = 0.70-F 0.03
and a E = 0.70, respectively). From Table 4 it follows that the mean total charge of
non-interacting projectile fragments (this value characterizes a projectile residue
after the rapid stage) decreases with increase in the partner-nucleus mass [2]
and/or with increasing interaction energy: a t < 0, otE < 0. We are of the opinion
that the dependence <Q)(E o) observed at the 0.3-3.6 GeV/nucleon range may
reflect the energy dependence of the nucleon-nucleon interaction cross section in
this particular energy range. At .-- 0.3 GcV/nucleon the nucleon-nucleon interac-
tion cross sections run through their minimum, so the interacting nuclei prove to
be most transparent.
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Fig. 2. The mean total multiplicity of all charged particles in an interaction versus the product of mass
numbers of colliding nuclei and projectile energy. The symbols: o, o -- interactions with hydrogen; l,
[] = interactions with C, N, O, and A r, = interactions with Ag, Br. The filled-in symbols (o, i, •)
and open symbols (©, D, A) correspond to projectile energies 0.1-0.5 GeV/nucleon and 1.8-3.6
GeV/nuclcon, respectively. The solid and dashed lines are Eq. (3) approximations for energies 3.6 and
0.3 GeV/nucleon, respectively, and ap -- a L -- 0.36.
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It is of great interest to examine the feasibility of describing the dependences of
the total multiplicity of all charged particles in an interaction (n) = (nb +ng + n s
+n s, +ng, + nh,) on energies and masses of colliding nuclei. From Table 4 it is
seen that the power-law exponents tro and a t of the dependences equal 0.38 + 0.03
and 0.34 + 0.03, respectively, i.e. exponents are the same to within the experimen-
tal errors. In its turn, the result obtained permits the mean multiplicity of all
charged particles in interactions Ap +A t and A t +Ap to be regarded as identical,
i.e. the effect of the mass of a colliding nucleus is of the same character,
irrespective of whether the nucleus is a projectile or a target.
Since the total multiplicity (n) includes not only the recoil nucleus and
evaporation particles (the particles already in nuclei), but also the newly generated
mesons, the result obtained cannot be regarded as trivial, although the high X223
value is indicative of poor applicability of the simple power-law model to describ-
ing the interaction of two nuclei.
Fig. 2 illustrates the feasibility of examining the dependence of the total
multiplicity of secondaries on only two, rather than three (At, , A t and E)
parameters, namely, on the product of the masses of colliding nuclei (Ap x/l t) and
on the projectile energy. The values of the total multiplicities (except those
obtained in this work) have been borrowed from refs. [2-4,10,14,15,19,20]. The
lines in Fig. 2 represent ap = a, = 0.36 at E o = 0.30 and 3.6 GeV/nucleon. The
dependence (Eq. (3)) describes the data quite well.
5. Conclusions
Analyzing the available experimental and calculated data has shown that:
(1) a decrease of a projectile energy from a few GeV/nucleon to hundreds of
MeV/nucleon gives rise to a 10-15% decrease in the total nuclear interaction
cross section and, hence, to an increased mean-free path of projectile nuclei;
(2) in the non-relativistic energy range, the interactions involve a smaller degree
of destruction of colliding nuclei;
(3) the multiplicity of the particles (b, s', g') emitted during the slow interaction
stage is defined unambiguously by the mass of the parent nucleus, and also
depends little on the mass and energy of partner nuclei;
(4) the 3.6-0.3 GeV/nucleon variation of a projectile energy fails to alter the
form of secondary-particle multiplicity dependence on the masses of interacting
nuclei.
The authors are indebted to the personnel of the Berkeley BEVALAC and of
the JINR High Energy Laboratory for enabling the photoemulsions to be studied;
we are also grateful to laboratory workers who shared with us the burden of
searching for events.
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